Considerable preclinical and epidemiologic data suggest that vitamin D may play a role in the pathogenesis, progression, and therapy for cancer. Numerous epidemiologic studies support the hypothesis that individuals with lower serum vitamin D levels have a higher risk of a number of cancers. Measures of vitamin D level in such studies include both surrogate estimates of vitamin D level (residence in more northern latitudes, history of activity, and sun exposure) as well as measured serum 25(OH) cholecalciferol levels. Perhaps, the most robust of these epidemiologic studies is that of Giovannucci et al, who developed and validated an estimate of serum 25(OH) cholecalciferol level and reported that among Ͼ40,000 individuals in the Health Professionals Study, an increase in 25(OH) cholecalciferol level of 62.5 ng/mL was associated with a reduction in the risk of head/neck, esophagus, pancreas cancers, and acute leukemia by Ͼ50%. Unfortunately, very limited data are available to indicate whether or not giving vitamin D supplements reduces the risk of cancer. Many preclinical studies indicate that exposing cancer cells, as well as vascular endothelial cells derived from tumors, to high concentrations of active metabolites of vitamin D halts progression through cell cycle, induces apoptosis and will slow or stop the growth of tumors in vivo. There are no data that one type of cancer is more or less susceptible to the effects of vitamin D. Vitamin D also potentiates the antitumor activity of a number of types of cytotoxic anticancer agents in in vivo preclinical models. Vitamin D analogues initiate signaling through a number of important pathways, but the pathway(s) essential to the antitumor activities of vitamin D are unclear. Clinical studies of vitamin D as an antitumor agent have been hampered by the lack of a suitable pharmaceutical preparation for clinical study. All commercially available formulations are inadequate because of the necessity to administer large numbers of caplets and the poor "bioavailability" of calcitriol (the most carefully studied analogue) at these high doses. Preclinical data suggest that high exposures to calcitriol are necessary for the antitumor effects. Clinical data do indicate that high doses of calcitriol (Ͼ100 mcg weekly, intravenously, and 0.15 g /kg weekly, orally) can be given safely. The maximum tolerated dose of calcitriol is unclear. While a 250-patient trial in men with castration-resistant prostate cancer comparing docetaxel (36 mg/sqm weekly) Ϯ calcitriol 0.15 g/kg indicated that calcitriol was very safe may have reduced to death rate, an adequately powered (1000 patients) randomized study of weekly docetaxel ϩ calcitriol versus q3 week docetaxel was negative. The limitations of this trial were the unequal chemotherapy arms compared in this study and the failure to use an optimal biologic dose or maximum-tolerated dose of calcitriol. In view of the substantial preclinical and epidemiologic data supporting the potential role of vitamin D in cancer, careful studies to evaluate the impact of vitamin D replacement on the frequency of cancer and the impact of an appropriate dose and schedule of calcitriol or other active vitamin D analogue on the treatment of established cancer are indicated.
VITAMIN D SYNTHESIS AND METABOLISM
Vitamin D is actually a hormone. It is synthesized through a multistep process that begins in the skin (Fig. 1 ). Ultraviolet light of the appropriate wavelength (270 -300 nm) photocatalyzes the conversion of 7-dehydrocholesterol to cholecalciferol (vitamin D 3 ). Vitamin D 3 is further modified in the liver, predominantly by CYP2R1, to 25␣ hydroxyl cholecalciferol [25(OH)D 3 ] and then 1␣-hydroxylated in the kidney by CYP27B1 to 1,25 dihydroxycholcalciferol (1,25(OH) 2 D 3 ) or calcitriol. Calcitriol is the most potent naturally occurring form of vitamin D. Vitamin D compounds are transported throughout the body by a specific binding protein, vitamin D binding protein. Vitamin D action is limited by catabolism, primarily by a 24-hydroxylase (CYP24A1), which results in 1,24,25(OH) 3 D 3 , a metabolite with substantially lower affinity for the vitamin D receptor (VDR); this compound is further metabolized to excreted products such as calcitroic acid. The metabolism of vitamin D is complex and tightly regulated. Rate-limiting steps in the metabolism of vitamin D compounds are the activity of CYP2R, which is induced by low 25(OH)D 3 levels, and the activity of CYP24A1, which is induced by 25(OH)D 3 and 1,25(OH) 2 D 3 . 8 Although vitamin D metabolizing enzymes are located primarily in liver (CYP2R1) and kidney (CYP27B1 and CYP24), these enzymes are found in many tissues. Studies demonstrated that potential vitamin D target tissues (eg, colon, prostate, breast, lung, pancreas) can synthesize and degrade calcitriol. Local production and degradation of calcitriol have been suggested to be etiologic factors in several types of human cancer. 9, 10 
Modulation of Vitamin D Synthesis and Catabolism
Several studies have shown that epigenetic regulation of CYP27B1 and CYP24A1 expression could have direct impact on activity of these genes involved in vitamin D synthesis and catabolism, respectively. DNA methylation and chromatin modifications are important mechanisms regulating gene expression. Hypermethylation of cytosine residues of CpG islands in the promoter region of genes is associated with transcriptional silencing of genes, whereas decreased methylation of CpG islands enhances gene activity. Kim et al 11 demonstrated that ligand-activated VDR transrepression of the CYP27B1 gene required recruitment of histone deacetylase to the CYP27B1 promoter and DNA methylation at CpG sites in the promoter and exon regions of the CYP27B1 gene, suggesting complicate epigenetic modifications for transcriptional regulation of the CYP27B1 gene. Epigenetic regulation of CYP27B1 and CYP24A1 has been reported for PNT-2 human normal and prostate cells and DU-145 prostate cancer cell lines, 12 and epigenetic silencing of CYP24A1 via promoter hypermethylation in tumor-derived endothelial cells (TDECs) contributed to selective sensitivity to calcitriol. 13, 14 Therefore, epigenetic regulation of vitamin D CYP27B1 and CYP24A1 gene activities through DNA methylation/ demethylation processes, and histone modifications could account differences in expression of vitamin D hydroxylases during tumor progression and sensitivity to calcitriol in tumor cells.
More recently, microRNAs, which are small noncoding RNAs that regulate gene expression through translational repression or mRNA degradation, have been implicated in regulating VDR and CYP24 expression. 15, 16 Potential miR-125b recognition elements were identified in the 3Ј-untranslated region of human VDR and CYP24 mRNA. Overexpression of miR-125b repressed VDR expression and abolished the antiproliferative effects of calcitriol in MCF-7 breast cancer cells. 15 In addition, miR-125b post-transcriptionally regulates CYP24 expression, which serves as a possible mechanism for inactivation of calcitriol. 16 These studies show that the antiproliferative effects of calcitriol in tumor cells could be controlled by epigenetic mechanisms and microRNAs by regulating CYP24 expression.
Vitamin D Effector Pathways

Calcitriol-Mediated Transcription of Target Genes
The dominant pathway through which calcitriol mediates its biologic effects is through binding to its specific receptor, the VDR. Calcitriol bound to VDR forms heterodimers with the retinoid ϫ receptor and its ligand (9-cis-retinoic acid), and these dimers occupy specific binding sites on DNA [vitamin D response elements (VDREs)]. In conjunction with other transcription factors, this complex induces transcription of vitamin D responsive genes. 17, 18 Cofactor proteins or transcription factors also modulate VDR-mediated gene expression; such proteins have intrinsic chromatinmodifying enzymatic activities and recruit basal transcription factors to the promoters. Calcitriol binding to VDR induces phosphorylation and conformational changes in VDR, which causes the release of corepressors (eg, nuclear receptor co-repressors and silencing mediator for retinoid and the thyroid hormone receptors/histone deacetylase complex). Conformational changes in VDR repositions the VDR activation function 2 domains to bind to stimulatory cofactors, such as steroid receptor coactivators, nuclear coactivator-62 kDa/SKI-interacting protein (NCoA62/SKIP,) and the chromatin modifiers, cAMP response element binding protein/p300 and polybromo-and SWI-2-related gene 1 associated factor. 18 Derepression of the chromatin allows vitamin D receptor-interacting protein complexes to bind to the activation function 2 of VDR and interact with the transcription machinery, such as TFIIB and RNA polymerase II, and initiate transcription of calcitriol target genes. Among the many genes that are transcriptionally activated by calcitriol are CYP24A1, BGLAP (osteocalcin), and CDKN1A (encoding p21 Waf1/Cip1 ), the growth arrest and DNA-damage-inducible gene, GADD45; the parathyroid hormone gene (PTH) is repressed by calcitriol. 18 Calcitriol-mediated repression or activation of many proto-oncogenes or tumor suppressor genes has been described in normal and tumor tissues 19, 20 ; however, only a few such genes contain VDREs in the promoter regions that are under the direct transcriptional control of calcitriol (Cdk inhibitor p21 Waf1/Cip1 and CCNC encoding cyclin C). 21, 22 This suggests that calcitriol exerts 
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Nongenomic Action of Calcitriol
Nongenomic actions of calcitriol are rapid responses and independent from transcription. Nongenomic signaling may indirectly affect transcription via cross-talk with other signaling pathway. 23, 24 Data suggest that nongenomic effects begin at the plasma membrane and involve a nonclassical membrane receptor and a calcitriol-membrane-associated rapid-response steroid-binding protein (1,25D 3 -MARRS).
The most well-described nongenomic effect of calcitriol is the rapid translocation of calcium across intestinal mucosal membranes. Binding of calcitriol to the proposed membrane receptor can result in the activation of numerous signaling cascades that can result in a rapid opening of voltage-gated calcium channels and increase intracellular calcium. 25 This may activate other growth regulatory pathways. (eg, the Raf-, MEK-, MAPK-, and ERK described in skeletal muscle cells). 26 Such activation may result from increased calcium in normal colon and skeletal muscle cells. ERK can also enhance transcriptional activity of the VDR, and nongenomic activation of protein kinase C may stabilize VDR (via phosphorylation). 27 Nongenomic activation of these pathways may cooperate with the classic genomic pathway to transactivate VDR and elicit antiproliferative effects of calcitriol.
Antitumor activity of vitamin D.
There are considerable data that indicate antitumor effects of vitamin D compounds in preclinical settings. Vitamin D compounds inhibit the growth and even kill cancer cells in vitro and in vivo and more recently the potentiating of the antitumor actions of a number of more "traditional" anticancer agents has been reported. In the Nkx3-1;Pten mutant mice, a putative model for prostate carcinogenesis calcitriol administration delays the development of prostate intraepithelial neoplasia; calcitriol has better antitumor activity when administered to mice with early-stage (prostate intraepithelial neoplasia) rather than advanced-stage prostate disease. 28 In model systems of murine squamous cell carcinoma (SCC), 29 and human carcinomas arising in the prostate, 30 lung, 31 ovary, 32 breast, 33, 34 bladder, 35 pancreas, 36 and neuroblastoma, calcitriol, or calcitriol analogues have significant anticancer effects. Calcitriol and its derivatives act through the VDR to regulate differentiation, proliferation, apoptosis, and angiogenesis.
Antiproliferative effects of calcitriol. Cell cycle perturbation seems to be essential to calcitriol-mediated antiproliferative activity in tumor cells. Progression through the cell cycle is regulated by cyclins, their association with cyclin dependent kinases (CDKs) and CDK inhibitors. Expression of the CKIs p21 Waf1/Cip1 and p27 Kip inhibits proliferation, in part by inducing G 0/ G 1 cell cycle arrest. CDKN1A (encoding p21) and GADD45A contain a VDRE and are direct transcriptional targets of calcitriol-VDR. Vitamin D represses TYMS (encoding thymidylate synthetase) and TK1 (encoding thymidine kinase) 37 which are involved in DNA replication, and activates the INK4 family 38 of cyclin D-dependent kinase inhibitors, which mediate G 1 cell cycle arrest; cyclin E-CDK2 and the Skp2 (S-phase kinaseassociated protein 2) ubiquitin ligase, which targets CKIs to the proteasome, are down-regulated 39, 40 by calcitriol. Calcitriol treatment also results in the repression of the proto-oncogene MYC. 41 Calcitriol has many indirect effects on cell cycle regulation through cross-talk with other pathways. Calcitriol treatment results in the up-regulation of IGFBP3 (encoding insulin growth factor binding protein 3) and transforming growth factor-␤-SMAD3 signaling cascades and down-regulates the epidermal growth factor receptor (EGFR) signaling pathway. 20 Although tumor cells treated with calcitriol are inhibited in progression through cell cycle, the molecular basis for this effect differs from 1 tumor cell type; no unifying hypothesis with regard to the exact mechanism of calcitriol-mediated cell cycle perturbation is possible.
Activation of the VDR by calcitriol can inhibit tumor cell proliferation by inducing differentiation in a variety of myeloid leukemia cell lines and freshly isolated leukemia cells. 19 Such differentiation is dependent on the formation of activated VDR and PI3K complexes. 42 In hematopoeitic progenitor cells, calcitriol inhibits differentiation through VDR-independent suppression of interleukin-12 (IL12) protein secretion and down-regulation of other costimulatory molecules (CD40, CD80, CD86). In head and neck, colon and prostate cell lines, administration of calcitriol or calcitriol analogues induces the expression of genes that are associated with the differentiated cell of origin. 43, 44 Differentiation of colon cancer cells is associated with increased protein kinase C and JNK-dependent c-Jun activation 45 or differential regulation of the expression of inhibitor of DNA binding 1 and 2 (ID1 and ID2), which encode proteins that are transcriptional regulators of epithelial cell proliferation (ID2) and differentiation (ID1); the repression of ID2 may mediate the antiproliferative effects of calcitriol. 46 Calcitriol promotes differentiation through the induction of CDH1 (encoding E-cadherin) in adenomatosis polyposis coli (APC)-mutated human colorectal cancer SW480 cells. 47 CDH1 activation restrains cell growth by facilitating the translocation of ␤-catenin from the nucleus to the plasma membrane, hence inhibiting ␤-catenin-mediated transcription and allowing activated VDR to compete with ␤-catenin for transcription factor binding. There seems to be no cell-type specificity for calcitriol induction of differentiation in tumor cells.
Apoptosis. In addition to these antiproliferative effects, calcitriol modulates mediators of apoptosis. Calcitriol represses the expression of the antiapoptotic, pro-survival proteins Bcl-2 and Bcl-X L and may induce the expression of pro-apoptotic proteins (Bax, Bak, and Bad). Calcitriol may also directly activate caspase effector molecules. 47 Other groups have recently reported that calcitriol destabilizes telomerase reverse transcription (TERT) mRNA, inducing apoptosis through telomere attrition and down-regulating telomerase activity. 48 The diverse effects observed for calcitriol-mediated apoptosis complicate the development of a unifying mechanisms central to these pro-apoptotic activities.
Across various tumor cell lines from a number of lineages, different molecular markers of cell cycle, differentiation, and apoptosis can be observed with no clear pattern of modulation, addressing the heterogeneity of the response even among similar tumor cell types. The VDR seems to be required for antitumor activities however nongenomic effects may also contribute to the overall observed antiproliferative response. The diverse effects observed suggest that while antiproliferative effects directly against the tumor are clear in vitro and in vivo, the exact mechanisms central to these activities remains to be determined. 49 -52 Vascular endothelial growth factor (VEGF)-induced endothelial cell tube formation and tumor growth are inhibited in vivo by calcitriol administration to mice with VEGF-overexpressing MCF-7 xenografts. 53 Calcitriol can increase VEGF mRNA levels in vascular smooth muscle cells 54 and up-regulate mRNA levels of the potent antiangiogenic factor thrombospondin-1 (THSD1) in SW480-ADH human colon tumor cells. 46 In SCC cells, calcitriol induces the angiogenic factor interleukin-8 (IL-8), 55 but in prostate cancer cells, calcitriol interrupts IL-8 signaling leading to inhibition of endothelial cell migration and tube formation. 56 Significant inhibition of metastasis is observed in murine models of prostate and lung cancer treated with calcitriol; these effects may be based, at least in part, on
Angiogenesis. Calcitriol inhibits the proliferation of endothelial cells in vitro and reduces angiogenesis in vivo.
The Cancer Journal • Volume 16, Number 1, January/February 2010 Use of Vitamin D for Cancer Prevention and Therapy antiangiogenic effects. 30, 31 Interestingly, in TDECs, calcitriol induces apoptosis and cell cycle arrest; however, these effects are not seen in endothelial cells isolated from normal tissues or from Matrigel (Matrigel-derived endothelial cells). 14, 49 Recently, Chung et al 13 demonstrated that TDECs may be more sensitive to calcitriol due to novel epigenetic silencing of CYP24A1. Direct effects of calcitriol on endothelial cells may play a primary role in the calcitriol-mediated antitumor activity that is observed in animal tumor models. A significant inhibition of metastasis is observed in prostate and lung experimental animal tumors treated with calcitriol, and these effects may be based, at least in part, on the antiangiogenic effects of calcitriol. 30, 31 Preclinical studies of calcitriol in combination regimens. In vitro and in vivo analyses indicate that calcitriol acts synergistically with chemotherapeutic agents. Calcitriol potentiates the anticancer activity of platinum analogues, 57, 58 taxanes, 59 and DNA-intercalating agents. 60 Optimal potentiation is seen when calcitriol is administered before or simultaneously with chemotherapy treatment; administration of calcitriol after the cytotoxic agent does not provide potentiation. 59 The combination of calcitriol and cisplatin in SCC cells in vitro enhanced the apoptosis effects of calcitriol alone. The proapoptotic signaling molecule mitogen-activated protein kinase kinase kinase 1 (MEKK1) is up-regulated in both apoptotic and preapoptotic SCC cells treated with calcitriol, 48 this up-regulation of MEKK1 was potentiated in combination with cisplatin treatment suggesting that calcitriol pretreatment commits cells to undergo apoptosis through specific molecular pathways and that this effect is enhanced when cells are treated with an additional genotoxic stimulus. 57 Expression of the p53 homologue, p73, is enhanced by calcitriol treatment of several cell types; increased p73 levels enhance platinum analogues cytotoxicity in these cell types, providing yet another mechanism by which calcitriol may potentiate platinum analogue cytotoxicity. 60 Similar effects are seen in MCF-7 cells treated with the calcitriol analogue, ILX 23-7553 in combination with doxorubicin or ionizing radiation. 61 In these studies, ILX 23-7553 enhanced doxorubicin cytotoxicity and blocked the induction of p53 expression. Enhanced antitumor activity with calcitriol and the taxane, paclitaxel is associated with a significant decrease in p21 expression, which sensitizes cells to both DNA damaging agents (eg, cisplatin and doxorubicin) and microtubule-disrupting agents (eg, paclitaxel and docetaxel). 59 In SCC and PC-3 (prostate cancer) xenografts, pretreatment with calcitriol results in an enhanced antitumor effect when treated in combination with paclitaxel. Similar results have also been observed in vivo with MCF-7 xenografts in which mice were treated with vitamin D 3 analogues and paclitaxel. Calcitriol-mediated down-regulation of COX-2 expression in prostate cancer cells leads to decreased prostaglandin activity, upregulation of 15-hydroxyprostaglandin dehydrogenase which degrade prostaglandins, and reduction of prostaglandin receptors. 62 These findings support the rationale for clinical evaluation of a combination of calcitriol and nonsteroidal anti-inflamatory drugs for prostate cancer therapy. Enhanced antitumor effects with calcitriol combination therapy offers the opportunity for clinical utilization of calcitriol across a number of tumor types where modest effects are observed with chemotherapy alone.
In addition to studies demonstrating that 1,25(OH) 2 D 3 potentiates the antitumor effects of cytotoxic, biologic agents and receptor tyrosine kinase (RTK) inhibitors, there are also data indicating that the antitumor effects of this compound can be potentiated by agents that inhibit the breakdown of 1,25(OH) 2 D 3. Azole antagonists of the primary catabolic enzyme (CYP24A1) responsible for vitamin D breakdown enhance the antitumor effects of 1,25(OH) 2 D 3 in vitro and in vivo. 63 Ketoconazole is the most readily available of such agents and it is of interest that this drug has significant utility in the treatment of men with prostate cancer in whom disease progression has occurred despite androgen deprivation (so-called "androgen independent" or "castration resistant" prostate cancer). The activity of ketoconazole in tumor cells (prostate and nonprostate) that are apparently unresponsive to androgens supports the hypothesis that there are extra-androgenic mechanisms underlying ketoconazole activity. There are more specific inhibitors of CYP24, both azoles as well as secosteroid cholecalciferol analogues. These agents have antitumor activity in in vitro and in vivo models and potentiate that antitumor activity of 1,25(OH) 2 D 3 . 64,65
EPIDEMIOLOGIC STUDIES AND STUDIES OF VITAMIN D REPLACEMENT REGIMENS
There are many epidemiologic studies consistent with the concept that higher vitamin D levels are associated with suppression of tumor development and growth.
Geography and Cancer
Numerous investigators have drawn attention to the association between residence in northern latitudes-latitudes where incident sun exposure and hence, natural vitamin D synthesis is limited-and the mortality from numerous epithelial and hematopoietic cancers. Giovannucci et al 5 analyzed Ͼ40,000 individuals in the Health Professionals Study. These workers developed, and prospectively validated, an algorithm, based on diet, physical activity, and body mass index, which permitted the estimation of serum 25(OH)D 3 levels. They then applied this algorithm to the Health Professionals Study participants and estimated that a 25 ng/mL increase in 25(OH)D 3 level reduced cancer risk by 15% to 50%.
Cholecalciferol Replacement Studies
Many studies of vitamin D replacement have been analyzed and few indicate that the recommended daily allowance cholecalciferol supplementation (400 IU/d) has any impact on cancer risk or mortality. However, many have argued that this recommended daily allowance is too low. 66 The recently analyzed Women's Health Initiative failed to show any impact of cholecalciferol (400 IU/d) ϩ calcium replacement (1500 mg/d) on colorectal cancer risk and showed that this replacement dose of cholecalciferol resulted in no change in the serum level of 25(OH)D 3 . 67 A recent randomized study of vitamin D (cholecalciferol 1100 IU per day) among postmenopausal women indicated that cancer diagnosis was substantially reduced in the vitamin D replacement group. 68
Vitamin D Proteins as Prognostic Markers
There are a limited number of studies that have examined molecular markers of vitamin D pathway proteins or genes and cancer prognosis. Bises et al 69 have shown that high grade colorectal cancers have a lower expression of CYP27B than low grade tumors. Mimori et al 70 showed that CYP24 gene expression is increased in esophageal cancers compared with normal mucosa and have suggested that CYP24 may be an "oncogene." These studies suggest that reduced synthesis and/or enhanced breakdown of vitamin D in situ may be associated with tumor development. There are no prospective studies that examine D pathway genes or proteins and cancer prognosis. Diagnosis of cancer during months in which vitamin D levels would be expected to be the lowest (winter/spring) as well as low vitamin D levels at the time of cancer diagnosis have been reported to be an indicator of poor prognosis in lung, colorectal, and breast cancer. 71, 72 No clear mechanism for such an association has been developed. Taken together, these and many other studies suggest that vitamin D may play an important role in the genesis and course of cancer in humans and are consistent with molecular and cellular data demonstrating a role for vitamin D signaling in the growth of human and animal tumors.
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THERAPEUTIC APPLICATIONS OF THESE PRECLINICAL DATA
Single Agent 1,25(OH) 2 D 3 (Calcitriol)
Phase I Studies and Toxicity
The discussion of the therapeutic potential of vitamin D compounds will focus on the use of calcitriol because the great majority of clinical data have been developed with this compoundprimarily because it is readily available as an injectable (Calcijex; Abbott Pharmaceuticals, Abbott Park, IL) or oral (Rocaltrol; Roche Laboratories Inc., Nutley, NJ) formulation. As discussed later, neither formulation is ideally suited for use in cancer therapy, however. There are considerable in vivo data indicating that high doses of calcitriol may have therapeutic potential in patients with cancer. However, most discussions of the role of vitamin D in cancer therapy conclude with the aphorism that calcitriol is too toxic to be administered to patients with cancer. Careful examination of actual clinical trials experience demonstrates that this is not true. Administration of oral calcitriol on a daily schedule (1.5-2.5 g/d, weekly "dose intensity" ϳ10.5-17.5 g/wk) is associated with a 20% to 30% frequency of hypercalcemia in men with prostate cancer as well as in individuals in whom calcitriol is administered to prevent osteoporosis. 73, 74 However, continuous oral administration is not the schedule that has been used in preclinical studies in which clear antitumor effects have been seen; intermittent dosing regimens have been studied. Careful clinical trials have clearly shown that highdose, intermittent calcitriol is safe and feasible in patients with advanced cancer.
Our own studies have evaluated calcitriol administered by mouth daily for 3 days every week. In a phase I study, 28 g daily for 3 days ϩ dexamethasone 4 mg daily for 4 weeks were administered without toxicity in men with advanced prostate cancer, before this study was stopped because of unacceptable pharmacokinetic characteristics of the oral agent (see below). In this study a weekly "dose intensity" of calcitriol of 84 g/wk was achieved. 75 We also conducted a phase I study of escalating doses of calcitriol (QDX3 weekly) ϩ paclitaxel (80 mg/kg weekly for 4 weeks). In this study we were able to administer 38 g daily 3 times weekly for 4 weeks without limiting toxicity. 76 Pharmacokinetic studies in these phase I trials demonstrated that calcitriol as Rocaltrol was unsuitable for such high dose administration both because of inconvenience (38 g requires the administration of 76 caplets) and pharmacokinetic "failure." 77, 78 Administration of higher and higher doses of this formulation does not lead to a proportional increase in serum levels or systemic exposure. Although the mechanism of this "saturable absorption" is unclear, identical findings were noted by Beer et al 78 who have studied a once weekly oral regimen. It seems that the proportional increase in serum calcitriol with increasing dose is lost at doses of 16 to 20 g. Because of the lack of a suitable preparation of oral calcitriol, a small biotechnology company, Novocea Pharmaceuticals, formed with the express purpose to develop a more suitable formulation. Their formulation, called DN-101, does have a linear relationship between dose and exposure up to doses 165 g. 79, 80 This agent has been tested in phases I, II, and III trials (see below).
Fakih et al have studied intravenous calcitriol (Calcijex, Roche Pharmaceutical Corporation). A phase I trial of weekly intravenous calcitriol ϩ gefitinib was conducted based on preclinical data that calcitriol potentiates the antitumor effects of this EGF RTK inhibitor. 81 Although this study failed to demonstrate potentiation of the RTK inhibitor, as assessed by changes in phospho-EGF-R and phosph-AKT in serially obtained skin biopsies, this trial did demonstrate that very high doses of calcitriol can be administered safely. The dose limiting toxicity of weekly intravenous calcitriol ϩ gefitinib was grade 3 hypercalcemia at a dose of 98 g/wk. The phase II dose of this regimen is 77 g weekly. Although the criteria for dose-limiting toxicity were met in this trial, it is noteworthy that the calcitriol AUC was higher at 77 g than 98 g and those patients with dose limiting toxicity at 98 g all had diseases in which parathormone (PTH) or parathormone-related peptide (PTH-RP) was increased before calcitriol was given. These data indicate that further dose escalation of calcitriol in patients without a predisposition to develop hypercalcemia may be possible. Once the maximum-tolerated dose (MTD) of weekly intravenous calcitriol ϩ gefitinib was determined, this trial continued to determine the MTD of calcitriol ϩ gefitinib ϩ dexamethasone. The component of the trial was based on our preclinical data that glucocorticoids potentiate the antitumor effects of calcitriol and block hypercalcemia. The MTD of weekly calcitriol ϩ gefitinib ϩ dexamethasone was 120 g weekly. It is important to note that the systemic exposure of calcitriol after 98 g is approximately 30 ng hr/24 h which is in the range of exposure we have reported in murine models in which calcitriol has clearcut antitumor activity. 82 Beer et al have also studied high-dose oral calcitriol. Using a weekly schedule they treated patients up to 2.6 g/kg weekly. 78 No dose-limiting toxicity was noted, but pharmacokinetic studies showed a loss of proportional increase in exposure at doses higher than 0.5 g/kg. These investigators concluded that a reasonable dose of oral calcitriol using this formulation was 0.5 g/kg, weekly and continued the exploration of this regimen in prostate cancer (see below). Studies with DN-101 demonstrated that 45 g weekly was safe and well tolerated, that 165 g on week 1, followed by 45 g weekly produced no toxicity and that a linear relationship between dose administered and area under the curve was maintained up to 165 g. 79, 80 Taken together these data indicate that:
1. High dose calcitriol therapy is possible and safe up to a MTD of at least 100 g weekly intravenously and perhaps higher using the oral formulation (DN-101) developed by Novocea.
With intravenous and oral administration (DN-101) systemic
exposure of calcitriol in humans is similar to the exposure achieved in preclinical models in which distinct antitumor activity is seen. 3. There is no commercially available oral preparation that is suitable for high-dose oral administration. 4. There is not a well-defined MTD for oral calcitriol. 5. There is no information regarding a biologically optimal dose of calcitriol.
EB1089 (Seocalcitol).
Few data exist exploring the administration of other vitamin D analogues as cancer therapy. Phase I and phase II studies of seocalcitol (EB-1089), an analogue of calcitriol, have been conducted. [83] [84] [85] EB-1089 was administered by mouth everyday and dose-limiting toxicity was determined by hypercalciuria. Using this regimen and with a phase II dose determined in this manner, no clinical activity of EB-1089 was seen in pancreatic cancer or hepatocellular carcinoma. 84, 85 Hypercalciuria likely is an unnecessarily conservative dose-limiting toxicity in developing an agent for the treatment of patients with advanced cancer.
activity. A pilot trial presented at the meeting of the American Society of Clinical Oncology in May 2009 indicates that oral doses up to 1000 g daily ϩ docetaxel are safe. 89 Paricalcitol. Paricalcitol is 19 nor, 1 alpha, 25-dihdroxy vitamin D 2 and also has less potential for hypercalcemia than calcitriol. Paricalcitol, marketed as Zemplar by Abbott Laboratories, seems to be superior to calcitriol in the therapy for secondary hyperparathyroidism and chronic renal failure. Patients receiving paricalcitol survive longer than those receiving calcitriol. 90 Schwartz et al have defined a 3 times weekly intravenous regimen for men with prostate cancer. No clear responses were seen in this trial although in many men prostate-specific antigen reductions were seen. 91 Consideration of the spectrum of side effects of high-dose, intermittent vitamin D analogues in cancer patients is in order. Dose-limiting hypercalcemia has been encountered only at doses ϳ100 g after intravenous administration; transient increase in serum calcium (11-13 mg/dL) does occur 1-3 days after completion of a single or thrice daily schedule. However, dose-limiting hypercalcemia has been encountered only at doses achieving an AUC ϳ 30 ng h/mL. 81 Hypercalciuria is universal after administration of high dose calcitriol. Studies both by our group and those of Beer et al fail to clearly demonstrate that dietary calcium restriction reduces hypercalciuria. Substantial dietary calcium restriction is difficult for cancer patients and then there are few consequences of hypecalciuria in cancer patients. Careful studies have revealed no deterioration of renal function in patients receiving high dose intermittent calcitriol for Ͼ12 months. Radiographic monitoring for urinary tract stones (ultrasound or computed tomography) suggests that newly discovered urinary tract stones occur in 1% to 3% of patients. 75, 76, 81 Although in a number of phase I and II trials of single agent calcitriol and other vitamin D analogues, partial response and PSA response (in prostate cancer) have been observed, effective clinical antitumor benefit is small. Is this worth emphasizing that "modest" single-agent antitumor response is the rule for many new agents (eg, bevacizumab, sorafinib, sunitinib)? In view of the many unresolved questions regarding the MTD, optimal biologic dose, optimal schedule and pharmaceutical concerns about the available vitamin D formulations, it is not surprising that limited antitumor activity has been seen in phase I and II trials. Another important concern is the uncertainty regarding the mechanism of calcitriol antitumor effects. As reviewed earlier, antitumor effects may be mediated by a number of direct antiproliferative and proapoptotic effects as well as effects directed against tumor-associated endothelial cells.
1,25(OH) 2 D 3 (Calcitriol) Combination Studies
Phase I Studies and Toxicity
Our preclinical studies and those of others clearly demonstrate that calcitriol in high doses potentiates the antitumor activity of a wide variety of cytotoxic agents. In fact, in our in vivo studies based on clonogenic assays, we examined many classes of agents ( Table 1 ) and found that calcitriol synergistically enhanced clonogenic cell kill when used with every class of agent except nitrosoureas. Further examination of the reasons for the lack of synergy with the nitrosurea, (bis chloroethylnitrosourea, Carmustine) may shed additional light on the chemopotentiation activity of calcitriol. Based on data such as these, a number of phase I clinical trials of calcitriol in combination with cytotoxic agents have been completed. Interpretation of the results of phase I and II clinical trials is hampered by the same challenges that limit our knowledge with regard to the interpretation of studies of calcitriol used as a single agent: lack of clear delineation of an optimal biologic dose and limited data on the MTD of calcitriol. The following reviews these combination studies and points out the findings and limitations of these trials:
Taxanes
Docetaxel. Beer et al have studied the combination of calcitriol ϩ docetaxel with the intent of applying these studies to the treatment of men with advanced prostate cancer progressing despite castration, so-called androgen independent prostate cancer (AIPC) or castrationresistant prostate cancer. These investigators used the commercially available oral formulation of calcitriol (Rocaltrol ® ) and based on the finding that calcitriol ϩ docetaxel were at least additively cytotoxic in the human prostate cell line, PC-3, they conducted a phase II trial of weekly docetaxel (36 mg/sqm, six times weekly) on day 2 ϩ their pragmatically defined phase II dose of calcitriol (0.5 g/kg orally weekly) on day 1. 92, 93 No unusual toxicity was seen in this trial and PSA response (Ն50% reduction, on 2 successive measurements maintained for Ͼ28 days) was seen in 30 of the 37 patients [81%; 95% confidence interval (CI), 68%-94%]. Twenty-two patients (59%; 95% CI, 43%-75%) had a confirmed Ͼ75% reduction in PSA. Eight of the 15 patients with measurable disease (53%; 95% CI, 27%-79%) had a confirmed partial response. Median time to progression was 11.4 months (95% CI, 8.7-14 months), and median survival was 19.5 months (95% CI, 15.3 months to incalculable). Overall survival at 1 year was 89% (95% CI, 74%-95%). Treatment-related toxicity was generally similar to that expected with single-agent docetaxel. Pharmacokinetics of neither calcitriol nor docetaxel were affected by the presence of its companion drug in an exploratory substudy. These results were encouraging and provided important momentum that lead Novocea Pharmaceutical Corporation (San Francisco, CA) to develop a new formulation of calcitriol (DN-101) and to undertake 2 studies: first, a large randomized, double-blinded, "phase II" trial of docetaxel ϩ/-DN-101 (ASCENT I ϭ AIPC Study of Calcitriol Enhancing Taxotere); the end point of this trial was PSA response. This trial was followed by a large randomized, double-blinded, placebo-controlled phase III trial in which survival was the primary endpoint (ASCENT II). ASCENT I enrolled 250 patients. In ASCENT I, PSA response rates were 63% (DN-101) and 52% (placebo), P ϭ 0.07. Patients in the DN-101 group had a hazard ratio for death of 0.67 (P ϭ 0.04) in a secondary multivariate analysis that included baseline hemoglobin and performance status. Median survival was not reached for the DN-101 arm and was estimated to be 24.5 months, compared with 16.4 months for placebo. Grade 3/4 adverse events occurred in 58% of DN-101 patients and in 70% of placebo-treated patients (P ϭ 0.07). The most common grade 3/4 toxicities were: (DN-101 versus placebo) neutropenia (10% vs. 8%), fatigue (8% vs. 16%), infection (8% vs. 13%), and hyperglycemia (6% vs. 12%). This study suggests that DN-101 treatment was associated with improved survival, but no improvement in PSA re- sponse was observed. The addition of weekly DN-101 did not increase the toxicity of weekly docetaxel. These preliminary results were very encouraging and led to ASCENT II, a 900 patient randomized, doubleblind, placebo-controlled phase III trial, in which survival was the end point. The goal of ASCENT II was to define the survival advantage of calcitriol treatment in combination with docetaxel with the goal to achieve Food and Drug Administration approval of this combination, if the results of ASCENT I were confirmed. Unfortunately, in designing ASCENT II, 2 issues were unaddressed which ultimately prove to be problematic in the interpretation of ASCENT II.
1. In the interval between the completion of the first, single institution, phase II study by Beer et al, 93 in which weekly docetaxel ϩ calcitriol indicated substantial activity as measured by PSA response rate, and the initiation of ASCENT II, 2 large randomized trials provided evidence that weekly docetaxel was inferior to every 3 week (q3 week) docetaxel in men with AIPC and that q3 week docetaxel therapy improved the survival in men with AIPC. 94, 95 In addition, even at the present time, there are no data that define either the optimal or maximal dose of oral calcitriol. The 0.5 g/kg weekly oral dose was a dose of convenience. A dose ϳ 77g (Ͼ1 g/kg in a 70 kg patient) calcitriol is required intravenously to achieve the AUC, which is associated with antitumor effect in mice. The dose of calcitriol used in ASCENT I and II was 0.5 g/kg by mouth. The bioavailability of calcitriol has never been studied in humans, but is approximately 60% to 75% in dogs (see below).
With these concerns in mind, perhaps it is not surprising that ASCENT II was halted in November 2007 when the data safety monitoring committee noted that the death rate in the investigational arm (weekly docetaxel ϩ calcitriol ϩ prednisone) was greater than that in the standard therapy arm (q3 week docetaxel ϩ placebo ϩ prednisone). Subsequent analysis of this trial through June 2008 indicates that all deaths in this study were due to progressive prostate cancer and there was not an excess of toxicity related to administration of calcitriol (personal communication, Novacea Pharmaceuticals). The result of ASCENT II is a discouraging finding in the quest to define a role for high-dose calcitriol in cancer therapy. However, there are several unaddressed questions in the development of calcitriol as a cancer therapy. The negative findings in ASCENT II may be related to inappropriate trial design rather than failure of the overall concept.
Paclitaxel. We have shown that calcitriol ϩ paclitaxel result in synergistic cell killing in vitro and in vivo in several model systems. We completed a phase I trial of weekly paclitaxel ϩ calcitriol (oral, 38 g QD thrice). No limiting toxicity was seen in this study, which was terminated when the unfavorable pharmacokinetics of oral calcitriol using this formulation was delineated. 76 Platinum Analogues. In vitro and in vivo, calcitriol produces synergistic antitumor activity with both cisplatin and carboplatin. Flaig et al and Beer et al have conducted clinical trials of oral calcitriol (0.5 g/kg) weekly four times and q 4weeks with carboplatin AUC ϭ 2 and AUC ϭ 6 respectively. 96, 97 No unusual toxicity was seen and antitumor responses were documented. However, the antitumor effects were not clearly different that might have been expected with carboplatin alone. The dose of calcitriol used was chosen based on the prior clinical trials of Beer et al In our laboratory, the extent of potentiation of cisplatin by calcitriol exceeds that seen with carboplatin. Cisplatin has not been studied in clinical trials in humans. Rassnick et al completed a phase I study in dogs with spontaneous tumors (primarily sarcomas and skin tumors). Cisplatin (60 mg/sqm) and escalating doses of intravenous calcitriol were given every 4 weeks. The MTD of intravenous calcitriol was 3.75 g/kg calcitriol in combination with cisplatin, and hypercalcemia was the dose-limiting toxicity. The relationship between calcitriol dosage and both C max and AUC was linear. Calcitriol dosages Ͼ1.5 g/kg achieved C max Ն9.8 ng/mL and dosages Ͼ1.0 g/kg achieved AUC Ն45 ng h/mL. AUC at the MTD was greater than the AUC which in mice was associated with antitumor effects in a squamous cell model. Complete responses were seen in 5 of 12 dogs treated; this was higher than expected with cisplatin alone in such patients. However, this was a small trial and conclusions regarding any findings other than the safety of this regimen are hazardous. 98 A phase I clinical trial in humans of calcitriol (intravenous) ϩ docetaxel ϩ cisplatin is underway (Ramnath, personal communication).
Although there are preclinical data that would support the study of combinations of calcitriol and a number of other antitumor agents including antimetabolites (methotrexate, cytosine arabinoside, gemcitabine), anthracyclines and anthracenediones and topoisomerase inhibitors, no clinical trials of such combinations have been conducted.
CONCLUSION
Considerable data suggest that there is a role for vitamin D in cancer therapy and prevention. Although the preclinical data are persuasive and the epidemiologic data intriguing, no well designed trial of optimal administration of vitamin D as a cancer therapy has ever been conducted. Had there been the opportunity, and insight, to develop calcitriol as any other cancer drug, the following studies would have been completed:
1. Definition of the MTD. 2. Definition of a phase II dose-as a single agent and in combination with cytotoxic agents. 3. Studies to define an optimal dose. 4. Conduct of phase II (probably randomized phase II) studies of calcitriol alone and chemotherapy Ϯ calcitriol. 5. Then, randomized phase III trials would be conducted -and designed such that the only variable was the administration of calcitriol.
Prerequisites 1 to 5 have not been completed for calcitriol. Preclinical data provide considerable rationale for continued development of vitamin D analogue-based cancer therapies. Design of future studies should be informed by good clinical trials design principles-and the mistakes of the past-to delineate whether or not there is a role for vitamin D analogues in cancer therapy.
